This study compared the accuracy of several models for obtaining genetic evaluations of calving difficulty. The models were univariate threshold animal (TAM), threshold sire-maternal grandsire (TSM), linear animal (LAM), and linear sire-maternal grandsire (LSM) models and bivariate threshold-linear animal (TLAM), threshold-linear sire-maternal grandsire (TLSM), linear-linear animal (LLAM), and linearlinear sire-maternal grandsire (LLSM) models for calving difficulty and birth weight. Data were obtained from the American Gelbvieh Association and included 84,420 first-parity records of both calving difficulty and birth weight. Calving difficulty scores were distributed as 73.4% in the first category (no assistance), 18.7% in the second, 6.3% in the third, and 1.6% in the fourth. Included in the animal models were fixed sex of calf by age of dam subclasses, random herd-year-season effects, and random animal direct and maternal breeding values. Sire-maternal grandsire models were similar to the animal models, with animal and maternal effects replaced by sire and maternal grandsire effects. Models were compared using a data splitting technique based
Introduction
Dystocia increases calf mortality, level of management, and veterinary costs while reducing subsequent productive and reproductive performance of the cow. Calving difficulty is recorded in discrete categories in which assistance needed for successful parturition indicates the degree of difficulty. In theory, methods for analyzing continuous data are not suitable for categorical data (Thompson, 1979; Gianola, 1982) . Wright (1934) introduced the threshold concept to link ordered categories to an underlying normally distributed vari- 
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on the correlation of estimated breeding values from two samples, with one-half of the calving difficulty records discarded randomly in the first sample and the remaining calving difficulty records discarded in the second sample. Reported correlations are averages of 10 replicates. The results obtained using animal models confirmed the slight advantage of TAM over LAM (0.69 vs 0.63) and TLAM over LLAM (0.90 vs 0.86). Bivariate analyses greatly improved the accuracy of genetic prediction of direct effects on calving difficulty relative to univariate analyses. Similar ranking of the models was found for maternal effects, but smaller correlations were obtained for bivariate models. For sire-maternal grandsire models, no differences between sire or maternal grandsire correlations were observed for TLSM compared to LLSM, and small differences were observed between TSM and LSM. The threshold model offered advantages over the linear model in animal models but not in sire-maternal grandsire models. For genetic evaluation of calving difficulty in beef cattle, the threshold-linear animal model seems to be the best choice for predicting both direct and maternal effects.
able, where thresholds define the observed category. Gianola and Foulley (1983) , Harville and Mee (1984) , and Gilmour et al. (1985) developed the threshold model for genetic evaluation of categorical traits. and Janss and Foulley (1993) extended the threshold methodology to a multitrait analysis considering a continuous correlated trait. Advantages of threshold over linear models have been shown with simulated data (Meijering and Gianola, 1985; Hoeschele, 1988) . However, variable results have been found using field data. Similar performance of threshold and linear models (Weller et al., 1988; Renand et al., 1990; Matos et al., 1997 ) and advantages of linear over threshold models (Hagger and Hofer, 1989) have been reported. Varona et al. (1999b) , using only data from large herds and the animal model, showed no advantage of univariate threshold over linear models for calving ease but superior performance of a bivariate threshold model. Further studies using field data are required to determine the advantages of threshold models for the analysis of calving difficulty in commercial situations. Therefore, the objective of this research was to compare accuracy of threshold vs linear and animal vs sire models for obtaining both genetic direct and maternal evaluations of calving difficulty from field data.
Materials and Methods

Data
General information about the data set used in this study is shown in Table 1 . Data were provided by the American Gelbvieh Association. The edited data included records from 84,820 calves born to first-parity cows (age of dam from 550 to 930 d) with both birth weight and calving difficulty score recorded. Birth weight records were distributed with a mean of 40.6 kg and a standard deviation of 4.9 kg. Calving difficulty was recorded in four ordered categories according to the required amount of assistance. The scores were 1, 2, 3, and 4 for no assistance, minor assistance, major assistance, and caesarian, respectively. A typical distribution of calving difficulty was found; most of the records fell into category 1 (73.4%) and few records into category 4 (1.6%).
Data included information from 2,351 herds that submitted data from 1973 to 1998, but the majority of records come from the years 1991 to 1997 (58.8%). Seasonal calving was observed, with most of the births concentrated from January to March (66.0%) and from April to June (23.2%). The final pedigree file included 95,037 additional animals.
Models of Analysis
Analyses were performed using animal and sire-maternal grandsire models. 
where β were effects associated with sex of calf by age of dam subclasses; h were random herd-year-season effects; u d were direct breeding values; u m were maternal breeding values; e were the residuals; and X, Z 1 , Z 2 , and Z 3 were incidence matrices that link data with sex of calf by age of dam subclasses, herd-year-season effects, and direct and maternal breeding values, respectively.
Univariate Threshold Animal Model. This model assumed an underlying distribution (L) of the calving difficulty (y) with the same effects as LAM, but the response of calving difficulty was modeled with the following distribution:
where t 1 , t 2 , and t 3 are thresholds that define the four categories of response and I is an indicator function that takes value 1 if the condition specified is true, otherwise the value is 0. The procedure can be viewed as a nonlinear extension of best linear unbiased estimator and best linear unbiased predictor.
Bivariate Linear-Linear Animal Model. Calving difficulty and birth weight were modeled as continuous traits: y cd = X cd β cd + Z 1 h cd + Z 2 u dcd + Z 3 u mcd + e cd , and y bw = X bw β bw + Z 1 h bw + Z 2 u dbw + Z 3 u mbw + e bw where the subscripts cd and bw denote calving difficulty and birth weight, respectively, and the other terms are defined previously. All genetic components of birth weight and calving difficulty were assumed correlated, as were the residuals. Genetic and residual effects were assumed independent of each other.
Bivariate Threshold-Linear Animal Model. This model was equivalent to the linear-linear animal model, but calving difficulty was assumed to have an underlying distribution (L cd ), and the response of calving difficulty was modeled with the distribution described for the univariate threshold animal model.
The univariate linear sire-maternal grandsire model, univariate threshold sire-maternal grandsire model, bivariate linear-linear sire-maternal grandsire model, and bivariate threshold-linear sire-maternal grandsire model were similar to the corresponding animal models, but direct (u d ) and maternal (u m ) effects were replaced by sire (u s ) and maternal grandsire (u mgs ) effects.
Variance-covariance components used in the animal models were estimated from a smaller set of Gelbvieh data containing only records from relatively large herds (Varona et al., 1999a) . Those components were converted to equivalent values for a sire-maternal grandsire model according to the methodology described by Kriese et al. (1991) , equating estimates of (co)variance components to their genetic expectation. The programs BLUPf90 and BLUP90thr were used to obtain solutions for the linear or threshold models, respectively (Misztal, 1999) .
Comparison of Models
Data splitting or cross-validation is a method for model selection according to the predictive ability of the models, and it can be applied to more complicated models, such as generalized linear models (Shao, 1993) . The application of the cross-validation method to assess the predictive ability of a model involves leaving out a portion of the data, fitting the model to the remainder of the data, and then testing the model fit on the omitted portion (Stone, 1974; McCarthy, 1976; Snee, 1977) . Picard and Cook (1984) recommended that data be split randomly in order to imitate a sample of future observations.
Here the data splitting technique involved duplicating the data set, randomly discarding one-half of the calving difficulty records in one subset with the remaining calving difficulty records discarded in the other subset. Thus, each calving difficulty phenotype was only present in one of the two subsets. Solutions for each of the eight models were obtained from both subsets and the correlation between predicted breeding values from the two subsets was calculated. Ten samples were created according to above criteria, and reported correlations were the average of the 10 replicates.
For each model, the estimated correlation coefficients provide an informative comparative assessment of model prediction performance, useful for ranking several candidate models. Thus, a higher correlation estimate between complementary subsets implied a higher stability of the model for predicting breeding value solutions in deleted records of animals.
Correlation coefficients considering all animals were used to compare the four animal models. Additional correlation coefficients were obtained for subsets of low, medium, and high accuracy sires (sires ≤ 50 progeny, sires > 50 ≤ 100 progeny, and sires > 100 progeny, respectively) to compare animal and sire-maternal grandsire models.
Results and Discussion
Comparison Using Animal Model
Averages of the correlations among predicted breeding values for calving difficulty derived from four different animal models used in analyzing the split data sets are presented in Table 2 . For direct genetic solutions, the correlation from the threshold animal model was 10% higher than from the linear animal model (0.69 vs 0.63). Likewise, the average correlation from the threshold-linear bivariate animal model was 4% higher than from the bivariate linear model (0.90 vs 0.86). These results were consistent for all 10 replicates and are similar to results obtained by Varona et al. (1999b) , who used a censored data set and differences in mean squared error as a criterion for comparison of models. A higher accuracy for calving difficulty was observed when the correlated trait birth weight was included. The threshold-linear animal model had 30% higher correlation among breeding values for calving difficulty than the threshold animal model. Similarly, the bivariate linear animal model had a 36% higher correlation among predicted breeding values for calving ease than the linear animal model. For maternal effects the ranking of the models followed the same pattern as for direct genetic effects, but lower correlations were obtained for bivariate models. This information suggests that maternal effect for calving difficulty may be influenced by birth weight. Manfredi et al. (1991) suggested that maternal effects for dystocia should be considered, even if there is little interest in the maternal genetic evaluation of bulls. These results confirm that multiple-trait models with respect to single-trait models provide a higher increase in accuracy than the increase in accuracy of threshold over linear models. Table 3 presents the average of correlation estimates between split data sets from 10 replicate complementary samples for genetic direct calving difficulty breeding value solutions from eight different models considering sires with 50 or fewer progeny, sires with between 51 and 100 progeny, and sires with more than 100 progeny.
Comparison for Direct Sire Solutions Using Animal and Sire-Maternal Grandsire Models
For all cases and for all replicates using animal models, the advantage of the threshold-linear animal model over the linear-linear animal model was maintained with similar correlation values (0.90 vs 0.87). However, the results for the comparison of the univariate models were more variable. As the number of records available for sires increased, the differences between univariate threshold and linear models were reduced. This study agreed with the hypothesis presented by Clutter et al. (1989) that when the number of calving ease records per sire is limited, there may be differences in the ranking of sires using the threshold vs linear model. For sires with more than 50 progeny, the linear animal model and the threshold animal model produced similar values of correlations. For medium accuracy sires, the linear animal model produced higher correlations than the threshold animal model in 7 of the 10 replicates and a slight advantage in the average (0.71 vs 0.70). For high accuracy sires, the threshold animal model yielded higher correlations than the linear animal model in 5 of the 10 replicates, resulting in similar average correlations (0.81 vs 0.80) for both methods. These results confirm the better performance of threshold-linear animal models compared to linear-linear animal models and bivariate compared to univariate animal models. However, the mixed results for comparison of univariate models suggests no clear advantage for threshold models in all cases. The small differences between univariate linear and threshold models are in agreement with previous results using field data (Renand et al., 1990; Olesen et al., 1994; Varona et al., 1999b) . Sires ≤ 50 = sires with 50 or fewer progeny records in data file, sires > 50 ≤ 100 = sires with 51 to 100 progeny records in data file, and sires > 100 = sires with more than 100 progeny records in data file. Correlations between sire solutions from sire-maternal grandsire models showed a pattern similar to those estimated from animal models; as sires increased in the number of progeny, correlations increased. Also, bivariate sire-maternal grandsire models performed better than univariate sire-maternal grandsire models, with smaller differences when using more accurately evaluated sires. In comparing univariate models, the linear sire model produced slightly higher or equal average correlations relative to the threshold sire model (0.45 vs 0.42, 0.70 vs 0.68, and 0.80 vs 0.80 for low, medium, and high accuracy sires, respectively). These results are in agreement with those reported by Hagger and Hofer (1989) , indicating that the linear model is robust toward departures from normality.
Animal models showed a similar or better performance compared to the equivalent specific sire-maternal grandsire models. Correlations between low accuracy sire solutions from animal models were higher compared to sire-maternal grandsire models, but the differences were reduced when using more accurately evaluated sires.
In general, the results obtained using animal or sirematernal grandsire models suggest that greater improvements in accuracy are expected using bivariate models rather than univariate models when evaluating Sires ≤ 50 = sires with 50 or fewer progeny records in data file, sires > 50 ≤ 100 = sires with 51 to 100 progeny records in data file, and sires > 100 = sires with more than 100 progeny records in data file. calving difficulty direct genetic effects. This improvement could be explained by the stabilizing effect provided by the correlated trait (Varona et al., 1999b) . The bivariate threshold-linear model showed slightly better performance than the bivariate linear-linear model. There was no clear advantage of the univariate threshold model over the univariate linear model, except for less accurately evaluated animals, and similar performance could be expected for both models in field data, depending on the data structure and the specific model. Practical and theoretical reasons favoring use of an animal model rather than a sire-maternal grandsire model for traits with a normal distribution are also valid for threshold traits (Mayer, 1995) . Table 4 presents the average of correlation estimates between split data sets from 10 replicate complementary samples for genetic maternal calving difficulty breeding value solutions from eight different models considering sires with 50 or fewer progeny, sires with 51 to 100 progeny, and sires with more than 100 progeny. Similar comparisons of models for maternal effects were not available in the literature. For all models the correlations obtained from maternal calving difficulty solutions generally followed a pattern similar to that observed for direct genetic effects from animal models and for sire solutions from sire-maternal grandsire models. Also as expected, lower accuracy was observed for maternal effects.
Comparison of Maternal Sire Solutions and Maternal Grandsire Solutions
Correlations for maternal calving difficulty solutions of sires using the animal model were similar or slightly higher from the threshold-linear animal model than from the linear-linear animal model (0.76 vs 0.75, 0.77 vs 0.77, and 0.80 vs 0.79 for low, medium, and high accuracy sires, respectively). Bivariate models resulted in higher correlations among predicted breeding values than corresponding univariate models, with a minimum increase in correlation of 12 to 15% across low, medium, and high accuracy sires. Univariate threshold animal models showed a slight advantage in correlation over linear animal model (0.65 vs 0.60, 0.66 vs 0.65, and 0.70 vs 0.69 for low, medium, and high accuracy sires, respectively).
Correlation estimates between maternal grandsire solutions using sire-maternal grandsire models were approximately equal for the threshold-linear and linear-linear sire models. Again, bivariate models performed better than univariate models. The univariate linear sire model produced higher correlations than the threshold sire model (0.44 vs 0.40, 0.70 vs 0.68, and 0.77 vs 0.76 for sires with 50 or fewer progeny, sires with 51 to 100 progeny, and sires with more than 100 progeny, respectively). These results followed a trend in the ranking of the models similar to those obtained for sire solutions in the sire-maternal grandsire model. Because maternal grandsire effects account not only for maternal effects but also direct genetic effects, it was expected that the sire and maternal grandsire solutions would be similar.
Implications
Both animal and sire-maternal grandsire models can be used to perform genetic evaluation of calving difficulty in beef cattle. For practical purposes, the advantage of using a univariate threshold model instead of a linear model for genetic evaluation of calving difficulty is not clear. However, bivariate models are a good alternative to univariate models if birth weight is available, especially for low accuracy animals. For more accurately evaluated animals, no clear advantage results from substituting the threshold model for the linear model or from including a correlated trait. For genetic evaluation of calving difficulty in beef cattle, the bivariate threshold-linear animal model may be the best option for the prediction of both direct and maternal effects.
